Abstract: Stimulated Emission Depletion (STED) microscopy enables subdiffraction resolution in the imaging plane. However, STED's lateral improvement in resolution is generally better than the enhancement in the axial direction. Here, we combine conventional STED superresolution imaging with Double Helix Point Spread Function (PSF) modulation for axial localization with a precision better than the classical Rayleigh limit. To demonstrate the capability of the method we resolve in a STED microscope sub-diffraction fluorescent bead assemblies, and localize them axially with better than 25nm precision. We also show that the same setup allows straightforward implementation of wide field phase contrast by imaging larger beads with spiral and dark field phase filtering.
Introduction
Two types of fluorescence far field optical nanoscopy techniques have been developed thus far. On the one hand, stochastic methods are used in general with photo-switchable molecules. Only a few molecules are activated at the same time, allowing superlocalization of the individual fluorophores [1, 2] . Several frames are recorded and the final image is obtained by combining them. Double Helix (DH) readout [3] with this kind of technique has been implemented for molecular imaging in three dimensions [4] . On the other hand, deterministic methods have been developed where the non-linear response of molecules to excitation is exploited. The more widely used method is Stimulated Emission Depletion (STED) microscopy [5] . The optical apparatus is similar to a scanning confocal microscope, but the excitation beam is surrounded by a so-called depletion beam (or STED beam) which is usually donut shaped and red shifted. This depletion beam quenches, by stimulated emission, all the excited fluorophores around the maximum of the excitation beam. As the stimulated emission process is non-linear, the combination of the two beams results in an effective point spread function (PSF) smaller than the diffraction limited Airy pattern.
Hence, with the most widely used STED arrangement, i.e. a donut profile depletion beam and sufficiently high STED laser intensity, lateral resolution is typically brought down to 20-80nm with organic dyes [6, 7] . Several implementations have been demonstrated to achieve not only a strong improvement in lateral, but also in axial dimension. The most common approach is a circular π phase mask that results in a "bottle" shaped PSF with strong side lobes in the axial direction but reduced intensity in the lateral ones, thus compromising the lateral resolution improvement efficiency [8] . Another modification, the use of adaptive optics to modulate the phase of the depletion beam, allows aberration correction and three dimensional imaging in thick and aberrating samples [9] . However, the same limitation for gain in resolution in both the lateral and axial dimensions remains. Otherwise, an important gain in resolution in all the directions has been achieved by combining two depletion beams, one for axial improvement and the other for the lateral one [10, 11] . A 4π architecture with opposing lenses has also been demonstrated [12] . Alternatively, STED has been combined with total internal reflection which offers strong axial confinement but only on one surface [13] .
The DH rotating beam provides a way to localize precisely the longitudinal position of a source of light. Indeed, the phase of the collected light in a fluorescence microscope can be modulated so that the point spread function is engineered to have a DH shape. As a consequence, the transverse image of a single emitter is made of two lobes and the angle of the line connecting them with respect to the horizontal direction is related to the axial position of the emitter. This angular information can thus be used to extract the axial location of the emitters with high precision. With sufficient fluorescence intensity, axial localization down to 20nm was achieved [4] . Different techniques, such as astigmatism [14] , defocusing [15] , or bi-plane detection [16] , have also been demonstrated in stochastic nanoscopy methods for axial localization.
In this paper, we use the DH method to demonstrate 25nm axial localization of superresolved emitters, with a uniform accuracy over an extended depth of field compared with other localization methods [4, 17] . Since STED decreases the total fluorescence signal and DH is a robust technique for low photon count applications, the combination of the two methods works well [18] . Finally, since DH is an engineered PSF it can be optimized for different systems. The system we demonstrate gives nanometric information in all three directions, with relative simplicity but it is not equivalent to a 3D superresolution system [10, 11] . The only difference between 3D superresolution and axial enhanced localization combined with 2D transversal superresolution is that the later cannot distinguish two laterally colocalized emitters spaced closer in z than the conventional depth of focus. This drawback of the DH-STED approach is compensated by the simplicity and accuracy of the technique compared to a system that has a 3D superresolution PSF such as STED with a "bottle beam" shape focus [8, 10, 11] . The optical system we use for the experimental demonstration of combined DH and STED can also produce programmable wide field phase contrast images. This dual modality is also experimentally demonstrated at the end of the paper.
Experimental setup
As illustrated in Fig. 1 , a Ti-Sapphire mode locked femtosecond laser pumps an optical parametric oscillator (OPO). A fraction of the pump beam is allowed to go through the OPO without entering the crystal cavity and is used directly for depletion. Pulses are stretched up to about 70ps with a pair of gratings and the phase singularity is generated with a 2π helical phase mask. The OPO output is tuned to 1.266µm and the frequency is doubled with a BBO crystal. The resulting 633nm beam is used for excitation. The two beams are combined with a dichroic mirror and pulses are temporally aligned with a delay line. They are focused with a 1.4 numerical aperture oil immersion objective. The sample is scanned with a piezoelectric stage. The fluorescence is collected with the same objective and imaged with a 200mm tube lens (resulting in a 111X magnification). Two different imaging modes can then be selected with a flip mirror. On one arm, a 60µm pinhole (corresponding to 0.9 airy units) is placed on the imaging plane and light is collected with an avalanche photodiode to realize confocal scanning. On the other arm, a 4-f imaging system creates a wide field image on a CCD camera with a phase only Spatial Light Modulator (SLM) placed on the Fourier plane of the image plane to modulate the PSF. To maximize the transfer function efficiency, the phase pattern used for DH phase modulation was calculated with an optimization algorithm as described in [19] . Inserted pictures show the double helix and donut phase fronts assigned respectively by the SLM and the phase plate, scaled from 0 (white) to 2π (black). Two outputs of a femtosecond OPO system are used for STED microscopy (633nm excitation and 770nm depletion). Two imaging paths are available and can be selected with the flip mirror: one classical confocal scanning microscope optical apparatus with an APD and one path with a SLM followed with a CCD allows phase modulation and DH readout.
Method
The beam alignment was accomplished coarsely through recording fluorescence signals and then fine-tuned with light backscattered from nanoparticles. The initial positioning was done by recording the fluorescence signal from an Atto647N dye solution. The confocal pinhole was aligned with the excitation beam by maximizing the detected fluorescence. The spatial and temporal alignment of the two beams was accomplished first by removing the helical phase mask of the depletion beam and overlapping the two Gaussian foci. This superposition was controlled via depletion efficiency measurement out of the fluorescent solution. Indeed, when the two beams overlap the depletion is maximized and consequently the fluorescence minimized. Fine alignment was performed using the backscattered light from single nanometric gold particles. 80 nm particles immobilized on a glass slide were scanned through the foci and the cross sections of the beams were measured as shown in Fig. 2(a) . The confocal and depletion PSFs are recorded successively and the donut minimum is aligned to overlap the Gaussian maximum. Sectioning is provided by the confocal pinhole. As illustrated in red in Fig. 2 , the longitudinal PSF full width half maximum (FWHM) was measured to be 730nm
The acquisition of three dimensional superresolved images is a two step procedure. The sample is placed on the focal plane of the objective. It is first scanned and a standard STED image is recorded, resolving details below the diffraction limit laterally. As a second step, the focused illumination is brought onto the spots of interest (where some fluorescent molecules are detected) and a DH image is recorded on the CCD, which is then processed to obtain the axial localization of the excited spot. During this second step the STED beam remains on in order to maintain sub-diffraction confinement of the excited area. The final image is then reconstructed with the collected lateral and axial information. 
Performance
The lateral resolution of the STED setup was evaluated by imaging 20nm fluorescent beads (crimson, 625/645). As shown in Fig. 3 , the FWHM of a single bead profile is measured to be 89nm. By averaging over 20 different beads the FWHM was estimated to be 97nm. The image of the bead is given by the convolution of the excitation PSF with the bead object function. Since the bead has a finite size, the measured value is an upper bound for the effective resolution. Thus, by roughly approximating the bead and the PSF by Gaussians, the actual resolution is evaluated to be 95nm [6] . As illustrated in Fig. 2 , the FWHM of the confocal PSF is measured to be 250nm, so the resolution is improved by about 2.5 times with STED. The limited gain in lateral resolution is mainly a result of the limited depletion power available. Indeed, as described above, the initial laser source is split in two beams: one is kept at the initial wavelength for depletion and the other is used to generate the excitation. The OPO system has a fixed power ratio between the two lines and only 20% of the initial laser power can be used for depletion, however, the observed resolution is consistent with the measured saturation intensity obtained on Atto647N solution (characterization data not shown here). Axial localization is calibrated by recording wide field images of a single fluorescent bead at different depths. As illustrated in Fig. 4 , the rotation angle of the lobes is recorded for each depth position. This calibration curve allows localization over a large depth of field up to 2µm. The measurement precision depends on the localization repeatability from the lobes, which is dependent on the signal to noise ratio (SNR) [20] . During the acquisition, the presence of the depletion beam in addition to the excitation lowers the photon budget and therefore the precision of the z-localization. Consequently, to evaluate the accuracy of the axial localization in our system, immobilized single beads are illuminated with focused excitation and depletion beams, and the z-localization measurement is repeated several times. This accuracy measurement is represented with the error bars on the calibration curve. The standard deviation of the rotational angle was measured to vary between 0.9 and 1.9° corresponding to a precision between 9 and 22nm, depending on the chosen position. Equivalently, the axial localization precision for single image measurement is below 25nm. This is not the fundamental limit for single image DHPSF detection and it could be potentially improved by the use of a more complex localization estimator [20] . With typical noise conditions, the theoretical limit of the localization accuracy has been shown to be below 1nm [21] . On the upper right hand corner, the area around the third error bar is magnified). To obtain the calibration curve, a single bead image is recorded at every axial position, and the lobes rotational angle is determined on each image. The accuracy of the measurement is evaluated by repeating several times the same localization event with the depletion beam on and calculating the standard deviation.
Results

Imaging beads closer than the diffraction limit
To demonstrate the feasibility of the method, we imaged 100nm diameter fluorescent beads. To obtain a three dimensional sample, beads are embedded in PDMS and spin-coated on a glass slide. Figure 5 shows a group of nanospheres imaged by the confocal microscope, with a resolution of 250nm in Fig. 5(a) and resolved in Fig. 5(b) with DH assisted STED. Figure  5 (c) indicates the lateral position of each bead on the STED resolved image where beams are focused for DH readout as shown in Fig. 5(d) . This position is determined by centroid localization onto each spot after deconvolution with the Richardson-Lucy Matlab function with a 95nm FWHM Lorentzian PSF for better bead discrimination. Thanks to the superior DH precision, the sample map is reconstructed with the bead positions in three dimensions in Fig. 5(e) . For instance, adjacent beads "I" and "II" are resolved. They are measured to be separated by 100nm, 90nm, and 110nm, respectively in the x, y, and z directions. Thus, these two beads with a total separation distance of 173nm are resolved and localized within the accuracy range defined above in a field of view of 3µm by 3µm. Without the DH localization, the beads would have appeared to be in the same axial plane. 
Reducing photobleaching
The gain in the resolution with stimulated emission requires a high depletion intensity to obtain an efficient confinement of the excitation volume. Consequently, photobleaching is the main drawback of STED microscopy. With this method, during each depth localization acquisition the beams are immobilized on the sample. This fixed exposure with both beams results in severe degradation of the signal as shown in Fig. 6(a) . The main solution for reducing photobleaching consists of decreasing the amount of time the fluorophores are continuously excited, either by accelerating the scan speed [22] or by reducing the laser repetition rate [23] . Thus, to reduce photobleaching during depth readout, we chop the two beams at 10 kHz. As illustrated in Fig. 6(b) , this improves the life time of the fluorescence beads. Exponential decay fitting, results in decay time of 22.8s with both beam illumination, 36.3s with chopping, and more than 5 min without depletion beam. Thus, chopping gives equivalently 1.2 times more photons for the first 10 seconds from a single bead and improves DH axial localization. 
Discussion
As demonstrated above, DH assisted STED allows the discrimination of fluorescent emitters spaced closer than the diffraction limit and the precise localization of individual emitters in the axial dimension. However, the technique relies on the fact that, STED lateral confinement and confocal sectioning are sufficient to isolate every single emitter. In other words, if the sample is so highly concentrated such that two separate fluorescence sources strictly overlap transversely and are closer than confocal axial resolution in depth, they cannot be directly resolved. However, recent work has demonstrated progress towards resolving overlapping PSFs through further data post-processing via a PSF fitting algorithm [24] . Additional work addressing this limitation to resolve a cluster of overlapping emitters with a high three dimensional localization precision is ongoing.
However, if the emitters are resolved by lateral superresolution, the combination of STED imaging with DH axial localization presents advantages. Indeed, DH-STED enables depth localization of a superresolved object with high, uniform precision through an extended depth of field, thereby providing axial information with a single lateral scan which is otherwise not possible with three dimensional STED imaging.
Moreover, the importance of wide field imaging and a phase contrast mode in addition to STED, for overall context understanding of transparent samples, has been recently highlighted [20] . Furthermore, the helical phase mask has been used both for STED beam generation and spiral phase contrast imaging [20] . As demonstrated in the appendix section in Fig. 7 , the placement of the SLM can allow for dynamically switching to phase contrast wide field imaging before scanning the region of interest. As STED imaging is entirely dependent on the fluorescent staining, the ability to reveal surrounding non-stained structures should facilitate the use of DH-STED method with biological sample.
The major advantage of STED over stochastic methods is the acquisition time. In STED microscopy, fast scanning mechanisms lead to several frames per second acquisition within a reasonable field of view [21] . In our method, the full 3D scanning image cannot be recorded point by point entirely with the CCD because of the sensor speed and induced photobleaching. These limitations however are not fundamental. Indeed, the DH reduces the collection efficiency and a 100ms exposure time is required to collect enough light to image the DH lobes. As detailed above in Fig. 6 , chopping limits photobleaching induced by the prolonged illumination with the two beams. However, as for conventional STED imaging photobleaching remains the main limitation. Figure 6 indicates that multiple DH assisted STED scans with our optical arrangement would be challenging. However, our initial demonstrations have shown the feasibility of the method to localize within a single plane. Moreover, the use of a sensitive multiple point detector, like an APD array, as a single sensor would allow a decrease in the time the laser beams dwell on a single emitter by several orders of magnitude (typical dwell time for STED is 10us-1ms compared with 100ms camera exposure). This could dramatically decrease acquisition time and improve fluorescence degradation by photobleaching and allow fast multiple slice 3D imaging with STED [11] , while benefitting from the increased DH axial localization precision.
Conclusion
We demonstrated the first realization of STED microscopy assisted with DH axial localization. We quantified the performance of the system by imaging single immobilized beads on a surface. Following this, we superresolved an assembly of subdiffraction beads which were axially located within a single confocal imaging plane and localized those in depth with 25 nm precision. The method combines the advantages of STED and DH localization, a large depth of field, fast acquisition time, and nanometric accuracy in three dimensions. The potential long term significance of this work lies in the fact it combines two methods for which there is a reasonable expectation that future improvement on the emitter brightness and the detector sensitivity can lead to increased performance. We expect that this technique can find use in applications requiring dynamic three dimensional far field imaging with high precision, such as protein tracking along immobilized DNA [25] or topographic measurements of cellular structures.
Appendix: Wide field phase contrast imaging
An interesting feature of our experimental apparatus is the possibility to use it to obtain phase contrast imaging. Indeed, thanks to the phase only SLM in the imaging path, any type of Fourier filtering can be envisaged [26] . Fig. 7(a) , on which DH assisted STED could reveal subdiffraction details, can be associated with complementary information from the phase contrast techniques. The dark field image in Fig. 7(c) , obtained by blocking the zeroth-order Fourier component reveals non fluorescent structures that are badly contrasted on wide field imaging as shown in Fig. 7(b) . Finally, the spiral phase contrast image, obtained with a helical phase pattern, enhances the edges in Fig. 7(d) .
